Menadione-catalyzed H 2 O 2 production by viable cells was proportional to viable cell number, and the assay of this H 2 O 2 production was applied to the cytotoxicity test of 17 substances which were used for international validation of fixed-dose procedure as an alternative to the classical LD 50 test. The cytotoxicity of substances tested was observed 4 h after the incubation with animal cells, and the viability was determined in 10 min according to menadione-catalyzed H 2 O 2 production assay. IC 50 of each substance required for 50% inhibition of menadionecatalyzed H 2 O 2 production was similar among HepG2, HuH-6KK, HUVE, Vero, Intestine407, NIH/3T3 and Neuro-2a cells. Twelve substances, 3 substances and 2 substances showed the difference of one, two and three orders in the magnitude between LD 50 and IC 50 , respectively. These results show that menadione-catalyzed H 2 O 2 production assay is useful for the rapid detection of toxic compounds having the basal cytotoxicity common to various cells, but is unfit for the detection of organ-specific toxic compounds.
Introduction
The general accepted methods for assessing acute oral toxicity are based on graduated-dose procedures in which groups of laboratory animals are exposed to a range of dose levels with the top dose chosen to produce mortality in more than half of the group.These procedures were described in an internationally agreed guideline published by the Organization for Economic Cooperation and Development (OECD, 1981) . In 1984, a new approach to acute toxicity testing was suggested by the British Toxicity Society (BTS) based on a fixed-dose procedure (BTS, 1984) . This avoided using death of animals as an endopoint, and relied instead on the observation of clear signs of toxicity developed at one of a series of fixed dose levels. Furthermore, fixed-dose procedure was expected to contribute to a reduction in the number of animals tested (Van den Heuvel et al., 1990; Whitehead and Curnow, 1992; Yam et al., 1991) .
The international validation of a fixed-dose procedure as an alternative to the classical LD 50 test was performed by 33 laboratories in 11 countries (Van den Heuvel et al., 1990) . The acute toxicity to the rat of 20 substances was evaluated. The test substances were distributed in November 1988 and all tests were completed by July 1989. The study has shown that the fixed-dose approach to acute oral toxicity testing: (1) produces consistent results that are not substantially affected by inter-laboratory variations; (2) provides adequate information for risk assessment purposes on signs of toxicity; (3) uses fewer animals than the current internationally agreed OECD procedure (Guideline 401-revised); (4) subjects animals to less pain and distress than the classical LD 50 test and causes less compounds-related motality; and (5) enables substances and preparations to be ranked according to the classification system by Commission of the European Communities on the basis of their acute oral toxicity.
On the other hand, another approach as an alternative to the above animal tests has been proposed in order to promote the screening of toxic compounds and clarify the mechanism of toxicity in mammalian cell cultures (Cook and Mitchell, 1989) . These cytotoxicity tests are rapid and cheep for the determination of dose-responce compared with animal tests, but it will be difficult to replace animal tests because of organspecific toxicity and characteristic pharmacokinetics of many substances (Ekwall, 1983) . Thus, cytotoxcity tests are expected to be useful for the detection of a basal cytotoxicity common to various cells, tissues and organs.
The present study makes clear the difference in toxicity level between the cytotoxicity test and animal tests in order to propose a novel rapid cytotoxicity test. The viability of cells exposed to toxic compounds was rapidly determined by the assay of menadione-catalyzed H 2 O 2 production by viable cells which keep both the activity of plasma membrane NAD(P)H: quinone oxidoreductase and the production of NAD(P)H as shown in Figure 1 (Yamashoji et al., 1991; Yamashoji, 1998) . The viable cell number is proportional to H 2 O 2 concentration 10 min after the addition of menadione to cell culture medium (Yamashoji et al., 1992) .
The results obtained show that most of the test substances used for the above international validation of fixed-dose procedure have similar cytotoxicity level among cells prepared from various organs, but have different toxicity level between cytotoxicity test (IC 50 ) and animal tests (LD 50 ). Thus, this cytotoxicity test is expected to be useful for the rapid detection of toxic compounds inhibiting general cell functions.
The conditions for the detection of cytotoxicity by this cytotoxicity test are also discussed in this study.
Materials and methods

Organism and growth conditions
HepG2, HuH-6KK, Vero, Intestine 407 and NIH/3T3 cells were cultured in DMEM supplemented with 10% fetal bovine serum.HUVE cells were cultured in MCDB131 supplemented with 10% fetal bovine serum and FGF (10 ng/ml). Neuro-2a cells were cultured in RPMI1640 supplemented with 10% fetal bovine serum. The cells were grown on tissue dishes in a humidified atmosphere of 95% air and 5% CO 2 at 37 • . Exponentially growing cells were trypsinized, and single cells obtained were collected by centrifugation and were resuspended in a 96-well tissue culture plate. The cell number was 40 000 cells/well, and the cells were cultured overnight under the above conditions. 
Cytotoxicity test
To 100 µl of cell culture medium in each well of 96-well tissue culture plate 5 µl of test solution was added, and the mixture was incubated in a humudified atmosphere of 95% air and 5% CO 2 at 37 • for 4 h. Each well was washed twice with 100 µl of MEM, and 100 µl of MEM containing 0.2 mM menadione was added to each well. After 10 min-incubation in a humidified atmosphere of 95% air and 5% CO 2 , 150 µl of the reagent solution was added to each well, and the absorbance at 725 nm in each well was measured with a microplate reader 1 min later. The reagent solution contained 0.1% bovine albumin, 10 U/ml peroxidase, 200 µM DA-64 in 1 M acetate buffer (pH 5.0). The viability of the cells exposed to substances was determined as a percentage based on the absorbance of well containing intact cells. DA-64 was purchased from Wako Pure Chemical Industries Ltd. Each values is the mean of four determinations. The standard derivations were < ±8%. Table 2 shows the cytotoxic effect of solvent on various cells. Acetonitrile and 70% ethanol had lower cytotoxic effects than dimethylformamide which were harmful for HUVE, NIH/3T3, Vero and Neuro-2a cells. When hydrophobic compounds were completely solubilized in dimethylsulfoxide, turbidity or the thin layer on medium was observed upon the addition of the mixture into medium because of poor solubility of hydrophobic compounds in medium. For example, ferrocene and naphthalene caused turbidity and thin layer, respectively. These ploblem will cause the poor contact of the compounds to cells and the difficulty to evaluate their cytotoxicity. In order to evaluate the effect of solvent on the cytotoxic effects of substances, dimethyl sulfoxide and 70% ethanol were tested with HepG2 and HuH-6KK cells. Ferrocene and naphthalene dissolved in dimethyl sulfoxide had same or greater cytotoxic effect on HuH-6KK and HepG2 cells than those dissolved in 70% ethanol, respectively (Table 3) . On the other hand, phenyl mercury acetate and 4-aminophenol had greater cytotoxic effect on both HepG2 and HuH-6KK cells than those dissolved in dimethylsulfoxide (Table 3 ). These facts suggest The final concentrations of ethanol and other solvent in culture medium were 3.5 and 5% (V/V), respectively. Viability is the mean of four determinations. The standard deviation were < ±10%. Substances (A-Y) were dissolved in dimethylsulfoxide (DMSO) or 70% ethanol, and added to cell culture. The final concentrations of ethanol and DMSO were 3.5 and 5% (V/V), respectively. IC 50 is the percentage of weight per volume (g/ml) and is the mean of four determinations. Standard derivations were < ±10%.
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that the initial conditions for solubility of compounds affect the sensitivity of cells to toxic compounds. From the above results, 70% ethanol was expected to be desirable for the evaluation of cytotoxic compounds by menadione-catalyzed H 2 O 2 production assay because of its low cytotoxicity and strong sterilization effect. The effects of fetal bovine serum on the cytotoxic effects of substances was examined because their cytotoxic effects were expected to depend on the absorption by serum proteins and/or the interaction with other components. Table 4 shows little effects of the serum on the cytotoxic effects of substances. On the basis of this fact, the direct addition of the test solution to medium containing 10% fetal bovine serum was performed for this cytotoxicity test.
Cytotoxicity test with various cells
Seventeen substances were dissolved in 70% ethanol and were added to various cell culture. Table 5 shows the cytotoxic effects of 17 substances on cells after 4 hincubation. All cells tested showed the same tendency of sensitivity to 17 substances (Table 5 ). None of cells tested showed the sensitivity to acetonitrile. NIH/3T3 cells had the highest sensitivity to 8 substances, but the lowest sensitivity to ferrocene, quercetin and 1- As shown in Table 6 , LD 50 and IC 50 were divided into 3 and 5 groups every one order, respectively. In the case of 12 test substances (B,C,F,G,J,M,N,P,T,U,X and Y), the magnitude of the difference between LD 50 and IC 50 was one order. A,E and K showed the difference of two order, and D and R showed the difference of three orders between LD 50 and IC 50 . When LD 50 is much lower than IC 50 , the substances are expected to have organ-specific toxicity. For example, nicotine has been considered to interfere with neurotransmission specifically. In the opposite case, the cytotoxic substances may not be absorbed into organ or may be converted to non-toxic compounds by organs. The substances having small difference between LD 50 and IC 50 may have basal cytotoxicity common to various cells, tissues and organ. Though it is not reasonable to directly compare LD 50 with IC 50 , the comparison of LD 50 and IC 50 may contribute to the distinctions between organ-specific toxins and non-specific toxins.
Discussion
Menadione-catalyzed H 2 O 2 production assay (Yamashoji et al., 1992 ) is very rapid and sensitive to cytotoxic events compared with conventional MTT reduction assay (Mosman, 1987) and neutral red inclusion assay (Borenfreund and Puerner, 1989) . The mechanism of extracellular menadione-catalyzed H 2 O 2 production by intact cells has been proposed by study using yeast cells and mammalian cells. Recently, menadione-catalyzed H 2 O 2 production by mammalian cells as well as yeast cells was found to be catalyzed by plasma membranebound NAD(P)H:quinone oxidoreductase (Yamashoji, 1998) . At first the assay of menadione-catalyzed H 2 O 2 production was performed by chemiluminescent assay, and then was modified with high sensitive colorimetric reagent to H 2 O 2 in order to establish the conventional colorimetric assay. DA-64 was useful for the determination of H 2 O 2 concentration range from 0.5 to 20 µM. Recently, Bis-MAPS-C3 produced as a new chromogenic hydrogen donor was also confirmed to be excellent for the assay of menadione-catalyzed H 2 O 2 production range from 1 to 20 µM (Mizoguchi, 1993) . As menadione interferes with the hydrogen transfer from chromogenic hydrogen donor into H 2 O 2 in peroxidase-catalyzed oxidation reaction or converts the resulting pigment to the colorless compound by oxidation of the pigment, the attention should be paid for the selection of the chromogenic hydrogen donor for menadione-catalyzed H 2 O 2 production assay. Each letter (A-Y) represents the substances in Table 3 . Substances (A-Y) were dissolved in 70% ethanol and added to cell culture. Final concentration of ethanol was 3.5% (V/V). IC 50 is the percentage of weight per volume (g/ml) ans is the mean of four determinations. The standard derivations were < ±10%. * Tripsinized HepG2 cells were mixed with substances. The cell number was 50 000 cells/well. 
Each letter (A-Y) represents the substances in Table 3 . Percent in LD 50 means % in weight per body weight on the basis of data of Van den Heuvel et al. (1990) . IC 50 means the average of percentage of weight per volume (g/ml) in culture medium on the basis of data shown in Table 5 .
The difference in the magnitude between minimum and maximum IC 50 was below one order in the case of substances other than C,E,K,P,T and U which have little cytotoxicity to some cell lines at the concentration of the maximum solubility in the assay system. In the case of C, P and T, the difference in the magnitude between minimum and maximum IC 50 was one order when IC 50 was determined under the conditions that these substances were completely solubilized in the assay system. Thus, 13 substances among 17 substances had the similar cytotoxic effects on menadione-catalyzed H 2 O 2 production by various cell lines because substance U had little cytotoxic effect in this experiment. These facts suggest that most of substances tested have basal cytotoxicity common to various cell lines.
In this study IC 50 of substances tested was not proportional to LD 50 . IC 50 of 12 substances among 17 substances was less or more than LD 50 at the range of one order of magnitude. These substances are expected to have toxicity common to general cell functions in the animal. LD 50 of substances A, D and E was less than IC 50 at the range of two or three orders, suggesting that they have toxicity to organ-specific functions. Thus, these organ-specific toxins cannot be studied in cultures of less differentiated cells. On the other hand, substances K and R showed much less IC 50 compared with LD 50 . Substances K and R may injure the cell culture with a very low cell density rather than animals with multi-compartment and high cell density system. These results and speculation show that it will be difficult to replace animal testing by cell tests in toxicity evaluation because of the organ-specific toxicity and characteristic pharmacokinetics of many substances as proposed by Ekwall. As the cytotoxicity takes advantage in the detection of basal cytotoxins common to less differentiated cells, it will be expected that the cytotoxicity test with more differentiated cells contributes to the detection of organ-specific toxins. For example, the cells with the specific receptors of neurotransmission will be sensitive to the drugs interfering with neurotransmission. The approach of cytotoxicity test to animal test will depend on the development of more differentiated cell culture system with organ-specific functions. In vitro cytotoxicity test, such as our trial, would be very useful to obtain the basal data for food safety and other safety assessments. These trial could contribute to reduce the number of experimental animals sacrificed.
